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☞ standard model (SM) particles
interact via gauge and Yukawa
couplings

☞ thermal history of SM particles
discussed in many textbooks

☞ naive picture: equilibrium
thermodynamics only concerns
equilibrated species

Main message of this talk
“equilibrium–style” thermodynamics
can be particularly important for
nonequilibrated species

Michael Ratz, UC Irvine Invisbles23 School 3 / 43
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Overview
☞ couplings may not be God–given but consequence of some dynamics

☞ consider field–dependent couplings/masses
g = g(S/Λ) , y = y(S/Λ) and/or m = m(S) ∼ λ S

☞ S is weakly coupled:

Λ is large (e.g. Λ ∼ MP)
and
λ is small (λ ≪ 1)

☞ S is “light”
in SUSY models often mS ∼ m3/2

?∼ TeV
much lighter scalars popular

☞ it is often extremely hard to test these scalars at colliders because they
are usually very weakly coupled

e.g. � Bauer, Schell & Plehn (2016)

☞ however, the existence of these scalars has dramatic impacts on the early
universe because they are usually very weakly coupled

purpose of this talk:
discuss weakly coupled scalars in the hot early universe

Michael Ratz, UC Irvine Invisbles23 School 4 / 43
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Thermal Effects on Nonthermal Species Thermal potential of S

Main focus of this talk

☞ what can we say about field-dependent couplings at high T?

temperature

☞ consider free energy
� Fardon, Nelson & Weiner (2004); � Buchmüller, Hamaguchi, Lebedev & MR (2004); � Lillard, MR, Tait & Trojanowski (2018)

F = F(T, S)

≃ −π2

90 g∗T 4 + T 2

∑
i

c
(g)
i g2

i (S) +
∑

f

c
(y)
f y2

f (S) +
∑

j

c
(m)
j m2

j (S)


where

c(g) = T 2

64π2 (N2
c − 1)(Nc + 3Nf ) for SU(Nc)

c
(y)
f = 5

576T 2 per fermion

c
(m)
j = 1

24
☞ crucially the coefficients are positive

➥ free energy “wants” couplings and masses small

Michael Ratz, UC Irvine Invisbles23 School 6 / 43
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Thermal Effects on Nonthermal Species Thermal potential of S

S–dependence of free energy

☞ dependence of free energy on mass of a boson/fermion
� Dolan & Jackiw (1974); � Fardon, Nelson & Weiner (2004);. . .� Batell & Ghalsasi (2023)

δF = − ν

2π2 T 4 JB/F

(
m2(S)

T 2

)

#(d.o.f.)

JB/F (y2) =
∞∫

0

dx x2 ln
[
1 ∓ e−

√
x2+y2

]

☞ leading contributions to F from gauge and Yukawa interactions

F = Fnon−interacting + ∆F (1)
gauge + ∆F (1)

Yukawa + . . .

∆F (1)
gauge = α2 g2 T 4

∆F (1)
Yukawa = 5 |y|2

576 T 4 per Weyl fermion
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576 T 4 per Weyl fermion

α2 = 3
196(N2

C − 1) (NC + 3NF ) for SU(NC) w/ NF fundamentals
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Thermal Effects on Nonthermal Species Thermal potential of S

Qualitative discussion

Veff

S

VT =0

⟨S⟩T =0 ··= S0

smaller
coupling

larger
coupling

FT1

V (T1, S)

⟨S⟩T1

FT2>T1
V (T2, S)
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Thermal Effects on Nonthermal Species Implications

Implications

☞ couplings at high temperature

☞ moduli problems

☞ flavon dynamics
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Thermal Effects on Nonthermal Species Implications

Gauge couplings at high temperature

☞ common relation between gauge coupling and dilaton
S

Λ = 1
g2

in strings: Λ = MP

☞ competition between zero–temperature potential and free energy

Veff ≃ m2
0

2 (S − S0)2 + F(T, S)

= m2
0

2 (S − S0)2 + c T 4

S

F ⊃ c g2 T 4 = c T 4

S

☞ change of minimum ∆S comparable to Λ at

T ∼ T∗ ··=
√

m0 Λ

☞ gauge couplings turn essentially off at T∗
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Thermal Effects on Nonthermal Species Dilaton destabilization

Dilaton destabilization at high temperature
� Buchmüller, Hamaguchi, Lebedev & MR (2004)

☞ typical dilaton potential: g2 = 1/S

S is real part of stringy dilaton

V

S

vacuum
w/ realistic

gauge coupling

run–away
vacuum

☞ switch on thermal corrections ∝ 1/S
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Critical temperature
V
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S MP ↷ T 4/MP ∼ m2
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bottom–line:
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mS MP
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Thermal Effects on Nonthermal Species Dilaton destabilization

Discussion

☞ if the dilaton has been destabilized, it will run away and cannot come back

model–independent contraint:

TR ≲ T∗ ∼
√

mS MP

reheating temperature
(maximal temperature

of the radiation
dominated universe)

☞ model–dependent bounds on the energy density of the universe during
inflation

� Kallosh & Linde (2004)

☞ the bounds can be circumvented by stabilizing the field combination that
fixes the gauge coupling in a different way (i.e. w/ an infinite barrier)

� Kane & Winkler (2019)

Michael Ratz, UC Irvine Invisbles23 School 14 / 43
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Thermal Effects on Nonthermal Species Moduli problems

Moduli problems
� Coughlan, Fischler, Kolb, Raby & Ross (1983); � de Carlos, Casas, Quevedo & Roulet (1993),. . . ,

� Cicoli, Conlon, Maharana, Parameswaran, Quevedo & Zavala (2023)

ln a

ln ρ

ρ
S ∝ a −3

ρrad ∝
a −4

ρ
S ∝ a −3

ρrad ∝
a −4

ρrad ∝ a−3/2 dilution

ln T 4
decay

S

VS

Moduli problems/effects:
if S decays during or
after BBN your model is
doomed
if S decays after
baryogenesis you must
have a very efficient
mechanism
S decays will modify dark
matter abundance

Michael Ratz, UC Irvine Invisbles23 School 15 / 43
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baryogenesis you must
have a very efficient
mechanism
S decays will modify dark
matter abundance
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Thermal Effects on Nonthermal Species Constraints on flavons

Field–dependent fermion masses

☞ e.g. Froggatt–Nielsen mechanism
� Froggatt & Nielsen (1979); see lectures by Mu–Chun Chen

LFN =
3∑

i,j=1
yu

ij

(
S

Λ

)nu
ij

Qi Φ̃ uj +
3∑

i,j=1
yd

ij

(
S

Λ

)nd
ij

Qi Φ dj + h.c.

flavon

☞ potential
VS = −µ2

S |S|2 + λS |S|4 + λSΦ|S|2|Φ|2 + U(1)FN breaking terms

➥ VEV at T = 0

S = 1√
2

(vS + σ + i ρ)

☞ effective potential

Veff(σ, T ) = γ TY T 4 + α T 4 σ

Λ + m2
σ(T )
2 σ2 + κ

3! σ3 + λS

4 σ4 + . . .
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∂TY
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Thermal Effects on Nonthermal Species Constraints on flavons

Modular flavor symmetries
� Feruglio (2019); see lectures by Mu–Chun Chen

☞ more recent example: modular flavor flavor symmetries
m ∝ Y (τ)

fermion
mass

matrix

vector-
valued

modular
form

modulus

☞ some couplings vanish at symmmetry–enhanced points
� Baur, Nilles, Trautner & Vaudrevange (2019);. . . ;� Feruglio, Gherardi, Romanino & Titov (2021);. . . ;� Feruglio (2023);. . .

☞ more generally, the size of the couplings depends on τ

☞ many couplings vanish for Im τ → ∞

☞ we could take e.g.

S = Im τ − ω

τ + ω
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☞ many couplings vanish for Im τ → ∞
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Thermal Effects on Nonthermal Species Constraints on flavons

Flavon dynamics
� Lillard, MR, Tait & Trojanowski (2018)

☞ the flavon gets driven away from its T = 0 minimum until it gets stopped
by the mass term or Hubble friction

∆σ ≃ −α
T 4

Λ m2
eff

where m2
eff = 6H2 + m2

σ

☞ as the temperature decreases, the flavon undergoes oscillations around
the T = 0 minimum, which behave like nonrelativistic matter

Michael Ratz, UC Irvine Invisbles23 School 21 / 43
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Thermal flavon potential (cartoon)
V

S⟨S⟩T =0

⟨S⟩T

Michael Ratz, UC Irvine Invisbles23 School 22 / 43

https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/


Thermal Effects on Nonthermal Species Constraints on flavons

Thermal flavon potential (cartoon)
V

S⟨S⟩T =0

⟨S⟩T

Michael Ratz, UC Irvine Invisbles23 School 22 / 43

https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/


Thermal Effects on Nonthermal Species Constraints on flavons

Thermal flavon potential (cartoon)
V

S⟨S⟩T =0

⟨S⟩T

Michael Ratz, UC Irvine Invisbles23 School 22 / 43

https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/


Thermal Effects on Nonthermal Species Constraints on flavons

Thermal flavon potential (cartoon)
V

S⟨S⟩T =0

⟨S⟩T

Michael Ratz, UC Irvine Invisbles23 School 22 / 43

https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/


Thermal Effects on Nonthermal Species Constraints on flavons

Thermal flavon potential (cartoon)
V

S⟨S⟩T =0

⟨S⟩T

Michael Ratz, UC Irvine Invisbles23 School 22 / 43

https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/


Thermal Effects on Nonthermal Species Constraints on flavons

Thermal flavon potential (cartoon)
V

S⟨S⟩T =0

⟨S⟩T

Michael Ratz, UC Irvine Invisbles23 School 22 / 43

https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/


Thermal Effects on Nonthermal Species Constraints on flavons

Thermal flavon potential (cartoon)
V

S⟨S⟩T =0

⟨S⟩T

Michael Ratz, UC Irvine Invisbles23 School 22 / 43

https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/


Thermal Effects on Nonthermal Species Constraints on flavons

Thermal flavon potential (cartoon)
V

S⟨S⟩T =0

⟨S⟩T

Michael Ratz, UC Irvine Invisbles23 School 22 / 43

https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/


Thermal Effects on Nonthermal Species Constraints on flavons

Thermal flavon potential (cartoon)
V

S⟨S⟩T =0

⟨S⟩T

Michael Ratz, UC Irvine Invisbles23 School 22 / 43

https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/


Thermal Effects on Nonthermal Species Constraints on flavons

Thermal flavon potential (cartoon)
V

S⟨S⟩T =0

⟨S⟩T

Michael Ratz, UC Irvine Invisbles23 School 22 / 43

https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/


Thermal Effects on Nonthermal Species Constraints on flavons

Thermal flavon potential (cartoon)
V

S⟨S⟩T =0

⟨S⟩T

Michael Ratz, UC Irvine Invisbles23 School 22 / 43

https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/


Thermal Effects on Nonthermal Species Constraints on flavons

Thermal flavon potential (cartoon)
V

S⟨S⟩T =0

⟨S⟩T

Michael Ratz, UC Irvine Invisbles23 School 22 / 43

https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/


Thermal Effects on Nonthermal Species Constraints on flavons

Thermal flavon potential (cartoon)
V

S⟨S⟩T =0

⟨S⟩T

Michael Ratz, UC Irvine Invisbles23 School 22 / 43

https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/


Thermal Effects on Nonthermal Species Constraints on flavons

Thermal flavon potential (cartoon)
V

S⟨S⟩T =0

⟨S⟩T

Michael Ratz, UC Irvine Invisbles23 School 22 / 43

https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/


Thermal Effects on Nonthermal Species Constraints on flavons

Thermal flavon potential (cartoon)
V

S⟨S⟩T =0

⟨S⟩T

Michael Ratz, UC Irvine Invisbles23 School 22 / 43

https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/


Thermal Effects on Nonthermal Species Constraints on flavons

Thermal flavon potential (cartoon)
V

S⟨S⟩T =0

⟨S⟩T

Michael Ratz, UC Irvine Invisbles23 School 22 / 43

https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/


Thermal Effects on Nonthermal Species Constraints on flavons

Thermal flavon potential (cartoon)
V

S⟨S⟩T =0

⟨S⟩T

Michael Ratz, UC Irvine Invisbles23 School 22 / 43

https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/


Thermal Effects on Nonthermal Species Constraints on flavons

Thermal flavon potential (cartoon)
V

S⟨S⟩T =0

⟨S⟩T

Michael Ratz, UC Irvine Invisbles23 School 22 / 43

https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/


Thermal Effects on Nonthermal Species Constraints on flavons

Thermal flavon potential (cartoon)
V

S⟨S⟩T =0

⟨S⟩T

Michael Ratz, UC Irvine Invisbles23 School 22 / 43

https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/


Thermal Effects on Nonthermal Species Constraints on flavons

Thermal flavon potential (cartoon)
V

S⟨S⟩T =0

⟨S⟩T

Michael Ratz, UC Irvine Invisbles23 School 22 / 43

https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/


Thermal Effects on Nonthermal Species Constraints on flavons

Thermal flavon potential (cartoon)
V

S⟨S⟩T =0

⟨S⟩T

Michael Ratz, UC Irvine Invisbles23 School 22 / 43

https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/


Thermal Effects on Nonthermal Species Constraints on flavons

Thermal flavon potential (cartoon)
V

S⟨S⟩T =0

⟨S⟩T

Michael Ratz, UC Irvine Invisbles23 School 22 / 43

https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/


Thermal Effects on Nonthermal Species Constraints on flavons

Thermal flavon potential (cartoon)
V

S⟨S⟩T =0

⟨S⟩T

Michael Ratz, UC Irvine Invisbles23 School 22 / 43

https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/


Thermal Effects on Nonthermal Species Constraints on flavons

Thermal flavon potential (cartoon)
V

S⟨S⟩T =0

⟨S⟩T

Michael Ratz, UC Irvine Invisbles23 School 22 / 43

https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/


Thermal Effects on Nonthermal Species Constraints on flavons

Thermal flavon potential (cartoon)
V

S⟨S⟩T =0

⟨S⟩T

Michael Ratz, UC Irvine Invisbles23 School 22 / 43

https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/


Thermal Effects on Nonthermal Species Constraints on flavons

Thermal flavon potential (cartoon)
V

S⟨S⟩T =0

⟨S⟩T

Michael Ratz, UC Irvine Invisbles23 School 22 / 43

https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/


Thermal Effects on Nonthermal Species Constraints on flavons

Thermal flavon potential (cartoon)
V

S⟨S⟩T =0

⟨S⟩T

Michael Ratz, UC Irvine Invisbles23 School 22 / 43

https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/


Thermal Effects on Nonthermal Species Constraints on flavons

Thermal flavon potential (cartoon)
V

S⟨S⟩T =0

⟨S⟩T

Michael Ratz, UC Irvine Invisbles23 School 22 / 43

https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/


Thermal Effects on Nonthermal Species Constraints on flavons

Thermal flavon potential (cartoon)
V

S⟨S⟩T =0

⟨S⟩T

Michael Ratz, UC Irvine Invisbles23 School 22 / 43

https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/


Thermal Effects on Nonthermal Species Constraints on flavons

Thermal flavon potential (cartoon)
V

S⟨S⟩T =0

⟨S⟩T

Michael Ratz, UC Irvine Invisbles23 School 22 / 43

https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/


Thermal Effects on Nonthermal Species Constraints on flavons

Thermal flavon potential (cartoon)
V

S⟨S⟩T =0

⟨S⟩T

Michael Ratz, UC Irvine Invisbles23 School 22 / 43

https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/


Thermal Effects on Nonthermal Species Constraints on flavons

Thermal flavon potential (cartoon)
V

S⟨S⟩T =0

⟨S⟩T

Michael Ratz, UC Irvine Invisbles23 School 22 / 43

https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/


Thermal Effects on Nonthermal Species Constraints on flavons

Thermal flavon potential (cartoon)
V

S⟨S⟩T =0

⟨S⟩T

Michael Ratz, UC Irvine Invisbles23 School 22 / 43

https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/


Thermal Effects on Nonthermal Species Constraints on flavons

Thermal flavon potential (cartoon)
V

S⟨S⟩T =0

⟨S⟩T

Michael Ratz, UC Irvine Invisbles23 School 22 / 43

https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/


Thermal Effects on Nonthermal Species Constraints on flavons

Thermal flavon potential (cartoon)
V

S⟨S⟩T =0

⟨S⟩T

Michael Ratz, UC Irvine Invisbles23 School 22 / 43

https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/


Thermal Effects on Nonthermal Species Constraints on flavons

Thermal flavon potential (cartoon)
V

S⟨S⟩T =0

⟨S⟩T

Michael Ratz, UC Irvine Invisbles23 School 22 / 43

https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/


Thermal Effects on Nonthermal Species Constraints on flavons

Thermal flavon potential (cartoon)
V

S⟨S⟩T =0

⟨S⟩T

Michael Ratz, UC Irvine Invisbles23 School 22 / 43

https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/


Thermal Effects on Nonthermal Species Constraints on flavons

Thermal flavon potential (cartoon)
V

S⟨S⟩T =0

⟨S⟩T

Michael Ratz, UC Irvine Invisbles23 School 22 / 43

https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/


Thermal Effects on Nonthermal Species Constraints on flavons

Thermal flavon potential (cartoon)
V

S⟨S⟩T =0

⟨S⟩T

Michael Ratz, UC Irvine Invisbles23 School 22 / 43

https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/


Thermal Effects on Nonthermal Species Constraints on flavons

Thermal flavon potential (cartoon)
V

S⟨S⟩T =0

⟨S⟩T

Michael Ratz, UC Irvine Invisbles23 School 22 / 43

https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/


Thermal Effects on Nonthermal Species Constraints on flavons

Thermal flavon potential (cartoon)
V

S⟨S⟩T =0

⟨S⟩T

Michael Ratz, UC Irvine Invisbles23 School 22 / 43

https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/


Thermal Effects on Nonthermal Species Constraints on flavons

Thermal flavon potential (cartoon)
V

S⟨S⟩T =0

⟨S⟩T

Michael Ratz, UC Irvine Invisbles23 School 22 / 43

https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/


Thermal Effects on Nonthermal Species Constraints on flavons

Thermal flavon potential (cartoon)
V

S⟨S⟩T =0

⟨S⟩T

Michael Ratz, UC Irvine Invisbles23 School 22 / 43

https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/


Thermal Effects on Nonthermal Species Constraints on flavons

Thermal flavon potential (cartoon)
V

S⟨S⟩T =0

⟨S⟩T

Michael Ratz, UC Irvine Invisbles23 School 22 / 43

https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/


Thermal Effects on Nonthermal Species Constraints on flavons

Thermal flavon potential (cartoon)
V

S⟨S⟩T =0

⟨S⟩T

Michael Ratz, UC Irvine Invisbles23 School 22 / 43

https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/


Thermal Effects on Nonthermal Species Constraints on flavons

Thermal flavon potential (cartoon)
V

S⟨S⟩T =0

⟨S⟩T

Michael Ratz, UC Irvine Invisbles23 School 22 / 43

https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/


Thermal Effects on Nonthermal Species Constraints on flavons

Thermal flavon potential (cartoon)
V

S⟨S⟩T =0

⟨S⟩T

Michael Ratz, UC Irvine Invisbles23 School 22 / 43

https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/


Thermal Effects on Nonthermal Species Constraints on flavons

Thermal flavon potential (cartoon)
V

S⟨S⟩T =0

⟨S⟩T

Michael Ratz, UC Irvine Invisbles23 School 22 / 43

https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/


Thermal Effects on Nonthermal Species Constraints on flavons

Thermal flavon potential (cartoon)
V

S⟨S⟩T =0

⟨S⟩T

Michael Ratz, UC Irvine Invisbles23 School 22 / 43

https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/


Thermal Effects on Nonthermal Species Constraints on flavons

Thermal flavon potential (cartoon)
V

S⟨S⟩T =0

⟨S⟩T

Michael Ratz, UC Irvine Invisbles23 School 22 / 43

https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/


Thermal Effects on Nonthermal Species Constraints on flavons

Thermal flavon potential (cartoon)
V

S⟨S⟩T =0

⟨S⟩T

Michael Ratz, UC Irvine Invisbles23 School 22 / 43

https://faculty.sites.uci.edu/mratz/
https://indico.cern.ch/event/1259858/


Thermal Effects on Nonthermal Species Constraints on flavons
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Moduli problems
� Coughlan, Fischler, Kolb, Raby & Ross (1983); � de Carlos, Casas, Quevedo & Roulet (1993),. . . ,

� Cicoli, Conlon, Maharana, Parameswaran, Quevedo & Zavala (2023)
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ρrad ∝ a−3/2 dilution

ln T 4
decay

S

VS

Moduli problems/effects:
if S decays during or
after BBN your model is
doomed
if S decays after
baryogenesis you must
have a very efficient
mechanism
S decays will modify dark
matter abundance

some solutions exist
e.g. � Chen & Takhistov (2019);

� Kane & Winkler (2020)
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Thermal Effects on Nonthermal Species Constraints on flavons

BBN constraints

☞ BBN is a highly predictive and constrained theory explaining the
primordial abundance of light elements

☞ however, late–decaying particles screw up these abundances
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Dark matter from flavon decays
� Cheek, Osiński, Roszkowski & Trojanowski (2023)

☞ flavons may decay into dark
matter

☞ if flavons dominantly decay into
dark matter this may help with
the BBN constraints

☞ for large regions of the parameter
space the production via thermal
displacement is more important
than the freeze–in production
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Moduli trapping at symmetry–enhanced points?

☞ original belief: moduli deviate from the T = 0 minimum of the potential
in the early universe

☞ it has been argued that moduli may get trapped at symmetry–enhanced
points e.g. � Kofman, Linde, Liu, Maloney, McAllister & Silverstein (2004)

☞ this mechanism may conceivably prevent the moduli from deviating from
their T = 0 minimum during inflation

☞ however, thermal effects will always drive the moduli that determine
gauge and Yukawa couplings away from their T = 0 minima at high T

bottom–line:
moduli problems more severe than generally
appreciated
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Summary

☞ potential of nonequilibrated species receives temperature–dependent
corrections
∆V = F

(
g(S), y(S)

)

☞ bound on reheating temperature in standard mechanisms of dilaton fixing:
TR ≲

√
mS MP

☞ cosmological constraints on models with “light” flavons

moduli problem more severe than generally appreciated
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